ABSTRACT. We used atmospheric air-temperature data from the Chinese radiosonde network to analyze changes in freezing-level heights (FLHs) during the past 48 years and studied their impacts on the cryosphere. We examined radiosonde time-series data from 92 selected Chinese radiosonde network stations. Generally, FLH exhibited a latitudinal zone, declining from the south. The FLH trend during 1958-2005 showed spatial inhomogeneity, most uniform distributions during autumn, and significant upward trends. Temporal variability of FLH in eastern China was briefly associated with El Niño Southern Oscillation events, but the causes of FLH changes in western China require further investigation. FLH in western and northern China has mostly increased since 1958, and might be considered a possible indicator of cryospheric change during the second half of the 20th century. There were significant correlations between FLH and changes in snow cover, glaciers and permafrost.
INTRODUCTION
The rapid retreat of mountain cryospheric components around the world during the 20th century (e.g. glaciers and ice caps) has been cited as proxy evidence of global warming of surface air temperatures (Folland and others, 2001) . During the past 50 years, while the cryosphere in China has retreated (Li and others, 2003, 2008) , surface airtemperature data show marked upward trends (Tang and Ren, 2005) . However, there are few recorded climatic data in extremely cold regions, where cryospheric components are found. This is a barrier to climatological and hydrological investigations in the cryosphere.
The freezing-level height (FLH; the free-air 08C isotherm) in the atmosphere is a critical parameter that affects hydrological conditions in high mountains (Harris and others, 2000; Hoffmann, 2003; Francou and others, 2004; Coudrain and others, 2005; Vuille and others, 2008) . In particular, the mass balance of glaciers is critically dependent on the extent of ice melting and sublimation, and on the balance of snowfall versus rain, which greatly affects albedo and thus net radiation. Diaz and Graham (1996) found that there had been a significant rise in FLHs in the tropics during the period 1958-90, and that this increase was related to sea-surface temperatures (SSTs) in the eastern equatorial Pacific. In the American sector of the tropics, the strongest relationship between FLH and SST occurs when SST precedes FLH by $3 months (Diaz and others, 2003) . Other high mountain regions have also exhibited significant warming in the last several decades, with more recent decades displaying the largest FLH changes (Diaz and others, 2003) .
Turning to free-atmospheric trends and focusing on the tropical belt, Diaz and Graham (1996) examined data from 65 radiosonde stations and found a temporal increase in free-atmospheric FLHs during 1970-86 and, in a ten-station South American network, during 1958-90. These freezinglevel changes were corroborated by surface temperature data from tropical stations at elevations above 1000 m. They were also well simulated by an atmospheric general circulation model, driven by observed SSTs. Using a more comprehensive radiosonde station network, Gaffen and others (2000) noted that tropical FLHs abruptly increased in 1976-77 and slightly decreased during 1979-97. During 1979-97, mid-tropospheric temperatures cooled slightly, while surface temperatures increased significantly, in association with an increase in lower-tropospheric lapse rates. Over a longer period, 1960-97, tropical surface and tropospheric temperatures warmed at about the same rate, and freezing levels rose.
To better understand the apparent discrepancies between recent (past 50 years) cryospheric changes and large-scale warming of the lower troposphere in China, we used radiosonde observations to investigate the following questions:
1. What were the seasonal, interannual and multi-decadal patterns of atmospheric freezing levels in China?
2. How were trends in atmospheric freezing levels related to temperature trends?
3. What were the impacts of atmospheric freezing levels on cryosphere?
Here we investigate changes in FLH derived from radiosonde observations in China, and their possible impact on the cryosphere. We compared the climatological features of temperature and freezing levels at 92 radiosonde sites, interannual variability, and trends. We present several examples of FLH impacts on variation in cryospheric components. Radiosonde observations, provided by the Chinese National Meteorological Information Center (NMIC)/China Meteorological Administration (CMA), formed the basis for this analysis. Considering the amplitude of FLH variation, we used data for five mandatory pressure levels: ground surface, 850, 700, 500 and 400 hPa, which were observed twice daily at 00 UTC (coordinated universal time) and 12 UTC. The 00 UTC and 12 UTC series were combined into a merged radiosonde time series for the final homogenization procedure; sets of merged series were considered missing if either the 00 UTC or 12 UTC series was missing. Seasonal anomalies were computed with reference to 1971-2000.
DATA AND METHODS
The 116 Chinese radiosonde network stations are distributed throughout China (Fig. 1) . We examined the data availability for each station and included as many stations as possible. Gaffen and others (2000) demonstrated that the proportion of missing data is a key parameter for determining the reliability of a radiosonde time series. Guo and Ding (2009) found that a 30% proportion of missing data is the critical value to distinguish the usability of a time series from Chinese radiosonde networks. Thus, based on a maximum fraction of missing data of 30%, we selected an optimal network ( Fig. 1, open circles) . The analysis yielded a nominal radiosonde time-series network of 92 stations for 1958-2005. Because of the expansive region and large number of stations, we divided China into five sub-regions according to geographical conditions and atmospheric circulation: regions 1A (northeast China), 1B (east China), 1C (southeast China), 2 (north and west China) and 3 (Tibetan Plateau).
It is well accepted that there is heterogeneity in instrumental climatic records, as well as radiosonde time series; quality control (QC) and homogenization are necessary when using radiosonde data (Solomon and others, 2007). To detect and correct inconsistencies caused by the vagaries of data collection, many statistical methods (e.g. different instruments and data correction methods) have been developed. We employed a hydrostatic method (Collins, 2001) for QC, and a two-phase regression method (Easterling and Peterson, 1995) for data homogenization. These methods have proved suitable for Chinese radiosonde networks (Guo and others, 2008; Guo and Ding, 2009 
FLH identification
The first five levels of radiosonde time series (corresponding to the ground surface, 850, 700, 500 and 400 hPa) were examined for a transition from a temperature greater than 08C to a temperature equal to or less than 08C. FLH was estimated for each snapshot by reverse interpolation of the temperature profile at each station to find the geopotential height of the 08C isotherm. The algorithm checks for zero crossings in the temperature profile between ground surface and 400 hPa. If a single zero crossing exists, its altitude is taken as the freezing level. Two additional special cases were considered: no zero crossings (T < 08C throughout the profile) and multiple zero crossings due to temperature inversions. In the case where T < 08C throughout the column, the freezing level is flagged as missing. In the case of multiple zero crossings, these locations are flagged and only the lowest FLH value is stored. The FLH was then obtained through linear interpolation between the geopotential heights of the transition levels; mean monthly and annual FLH were calculated. Figure 2 shows seasonal distributions of mean FLH during 1958 FLH during -2005 . White areas in all four panels in the figure were caused by absence of stations (cf. Fig. 1 ). Generally, FLH exhibited latitudinal zone, and declined from south to north. In winter, air temperatures at the ground surface were <08C over nearly two-thirds of China; FLH averaged 500 m in mideast China and rose steeply to 4000 m at the margins of the tropics. FLH in spring and autumn showed similar distributions, with a minimum of 500 m and a maximum of 5000 m. Spatial variability was minimal in summer, with a range of <2000 m. Figure 3 shows mean seasonal curves of FLH for different regions (Fig. 1) in China. FLH showed steep seasonal variation due to continental climatic conditions. Annual ranges of FLH averaged 3829 m in region 1A, 3714 m in region 1B and 1413 m in region 1C. FLH in summer, the most important season for cryospheric fluctuations, also fluctuated. However, in both northwest China and the Tibetan Plateau (regions 2 and 3; Fig. 1 ), the main locations of the cryosphere in China, summer FLH showed predominantly upward trends, consistent with retreat of the cryosphere, including permafrost and glaciers.
VARIABILITY OF FLH IN CHINA
To investigate interannual changes in FLH, we summarized decadal mean changes relative to 1971-2000 during the decades 1958-67, 1968-77, 1978-87, 1988-97 and 1998-2005 (Table 1 ). There were decreases in FLH during 1958-67 for all regions. During 1968-97, FLH showed significant upward fluctuations in most regions. On the Tibetan Plateau (region 3), the highest cryospheric region in the world, FLH increased during 1968-77 by 203 m, the sharpest increase during the study period for the entire studied region. In region 2, a typical region of valley glaciers and snow cover, FLH maintained increases over two decades. Region 1A, characterized by permafrost and snow cover, exhibited significant increases of 36 and 60 m for 1968-77 and 1978-97, respectively . FLH decreased in all regions during 1998-2005, coupled with decreasing air and ground temperatures. Diaz and Graham (1996) demonstrated that FLHs across the tropics are strongly related to mean tropical SST variations, with the rising SSTs driving freezing levels upward in the atmosphere. El Niñ o Southern Oscillation (ENSO) variations play a critical role in modulating FLH on an interannual basis across the entire tropical region (Diaz and others, 2003) . Considering the importance of ENSO to climatic fluctuation in China, especially eastern China, we plotted the November-March FLH versus ENSO index (Fig. 5) ; the ENSO index was expressed as the Niñ o 3 SST anomalies in the central and eastern equatorial Pacific Ocean (Niñ o 3.5N-5S, 90-150W). FLH in regions 1A and 1B showed highly significant correlations (P value) with the ENSO index, where the climatic variation has been shown to be closely related to ENSO. FLH in region 3 (Tibetan Plateau) showed a rather poor correlation with the ENSO index; the climate there has been found to be controlled by a plateau monsoon system (Li and others, 2003) . FLH in regions 1C and 2 showed a poor correlation with the ENSO index. The latter is more easily understood: the regional climate is dominated by the western jet stream. The poor correlation in region 1C, however, calls for further investigation, because ENSO events would be predicted to prevail.
IMPACT OF FLH ON CRYOSPHERIC CHANGES 4.1. FLH and snow cover
Snow cover suppresses surface heating by acting as a heat sink, in that energy is transferred to the atmosphere during the melting process and the sensible heat flux is greatly reduced. This, combined with the high surface albedo, will create negative changes in air temperatures in most snowcovered areas, even during the day.
Snow cover for each month was assessed from the NSIDC Equal-Area Scalable Earth (EASE) gridded weekly version 3 dataset (Armstrong and Brodzik, http://nsidc.org/data/nsidc-0046.html), which indicates, for each week from 1971 to 2005, the presence or absence of snow cover on a 25 km equal-area grid. The relevant grid pixel was identified for each station, and a snow index approximating the percentage of time with snow cover was calculated for each month by assigning 1 to snow-covered weeks and 0 to snowfree weeks, then averaging four or five weekly values. Individual weeks were assigned to the month with the most days in that week (e.g. the week of 29 January-4 February would be assigned to February).
Having checked the variation of snow cover, we found the snow-cover disappearance date was well correlated with the spring FLH in the same area. Figure 6a shows a time series of spring FLH departures from a 1958-2005 reference mean for snow-covered regions, and relative changes in the date of snow-cover disappearance. The negative changes in snow-cover disappearance, indicating an earlier disappearance of snow cover, coincided with increased FLH (Fig. 6b) . ), respectively. Recent investigations indicate that glaciated areas in China have shrunk by about 2-10% over the past 45 years. Total glaciated area has receded by $5.5% (Li and others, 2008) . Regrettably, because there is no observational network in these high mountains, these changes are occurring without adequate monitoring, yet the consequences of the changes in glacier mass balance will have significant social and economic consequences far downstream, in lowland areas into which the glacier-fed streams and rivers drain (Vergara and others, 2007) . Figure 7 shows an example of the variation of equilibrium-line altitude (ELA) of Ü rü mqi glacier No 1 versus local FLH; ELA data were obtained from the World Glacier Monitoring Service dataset (WGMS, 2008) . The ELA of the glacier has been proven to be more sensitive to air temperatures than to precipitation (Zhang and others, 1998) . The local FLH (Fig. 7) , averaged from four radiosonde stations near the glacier (shown in Fig. 1 by stations) , has exhibited a clear upward trend since the late 1980s. Variation of the ELA of the glacier showed good correlation with FLH (Fig. 7b) . From 1980 to 2002, the mass balance of the glacier decreased by 12 200 mm w.e., in conjunction with an FLH increase of $300 m. Diaz and others (2003) reported that FLHs across the tropics have risen by 45 m, on average, over the past 30 years. If this same relationship prevailed during glacial times, a mean SST cooling of 2-38C (as most paleoceanographic proxies now suggest) would have led to a fall in the 08C isotherm across the tropics by 500-750 m, with obvious effects on glaciation throughout the mountains of the region. Additional factors, such as an increase in the fraction of precipitation falling as snow (and less as rain) and associated changes in albedo and absorbed solar radiation accompanying the change in FLH, would have reinforced the effects of lower temperatures, leading to more positive massbalance regimes, and increased glaciation of the high mountains (Wagnon and others, 2001; Favier and others, 2004; Vuille and others, 2008) . Wu and Zhang (2010) investigated spatial variations of active layer thickness (ALH) on the Tibetan Plateau. From their work, we provide an example of ALH variation during 1956 ALH variation during -2005 , that at Wudaoliang station (Fig. 8) Figure 8b reveals a rather close correlation between ALH and local FLH (56004 in Fig. 1 ). Figure 8b shows that variation of ALH and FLH not only corresponded well in trends but were also synchronized in time.
FLH and glaciers

FLH and permafrost
SUMMARY
The most recent Intergovernmental Panel on Climate Change (IPCC) late-21st-century climate projections (Solomon and others, 2007) show that warming of the atmosphere will be enhanced as greenhouse gases increase. Hydrometeorological observations in recent decades, together with geophysical evidence of melting and rapidly receding mountain glaciers, suggest that high-elevation mountain regions are already experiencing the environmental effects of global warming. Previous works have argued that the potential effects of an amplification of the global warming signal in mountain regions need to receive greater attention from researchers and international funding agencies (Bradley and others, 2004; Diaz and others, 2003) . A resumption of warming will result in even more rapid changes in the cryosphere.
The pattern of evolution of the FLH might be considered a possible indicator of global climate change during the second half of the 20th century. In our study, we have demonstrated that the temporal variability of FLH in eastern China is associated with ENSO events, but the causes of alterations in FLH in western China will require advanced investigations. We used atmospheric air-temperature data from the Chinese radiosonde network to analyze changes in FLH during the past 48 years and examined their impact on the cryosphere. We examined radiosonde time series from 92 stations selected from the entire Chinese network. Generally, FLH exhibited a latitudinal zone and declined from south to north, but amplitudes of spatial variation varied in accordance with the seasons. The FLH trend during 1958-2005 showed spatial heterogeneity, most uniform distribution in autumn, and significant upward trends. Temporal variability of FLH in eastern China was briefly associated with ENSO events, but the cause of FLH changes in western China calls for advanced investigation. FLH in western and northern China has generally increased since 1958 and might be considered a possible indicator of global climate change in the second half of the 20th century. There were significant correlations between FLH and changes in snow cover, glacier and permafrost.
